Abstract-Radar sensors are common devices in daily traffic, especially for driver assistance and automotive safety systems. A high sensor density increases the probability of interferences, especially when the sensors occupy a large radar bandwidth. Many current sensors, e.g. chirp sequence radars, rely on frequency modulation schemes. A promising future radar concept applies orthogonal frequency division multiplexing (OFDM). This paper investigates the interference effect of an OFDM radar on a chirp sequence radar. Potential interference levels are derived and the influence of modulation parameters is evaluated with simulations.
I. INTRODUCTION
In the last few years, radar sensors became an important component of automotive safety and advanced driver assistance systems (ADAS). High resolution radar sensors are applied for environment perception and are key elements in future autonomous driving. It is expected that the amount of radar sensors operating in daily traffic will further increase significantly. Currently, most of those sensors rely on FMCW or chirp sequence modulation schemes.
In this context, the occurrence and the effects of interference of radar sensors have been investigated in the scientific community. In case of interference between two FMCW radars, time-limited spikes in the baseband signal is a common interference effect [1] . These interferences increase the overall noise floor in the receiver and can lead to sensor blindness. This effect is especially detrimental to the detection of targets like pedestrians or bicycles with a low radar cross section (RCS). However, it is very unlikely that ghost targets are generated by interferences [2] , [3] . Similar interference effects can be shown for chirp sequence radars, cf. [4] . Multiple countermeasures already exist to this kind of interferences, like time domain signal repair [5] , digital beamforming [6] , [7] , or frequency hopping [8] .
New radar concepts focus on digitally generated multicarrier wideband signals. A promising approach is orthogonal frequency division multiplexing (OFDM) [9] . The bandwidth occupied by an OFDM signal is split up into a large number of orthogonal equidistant subbands or subcarriers with maximum spectral density. All subcarriers are occupied simultaneously by a train of modulated transmit symbols on each subcarrier.
In Fig. 1 the transmit signals of a chirp and an OFDM radar operating in the same frequency range are shown. The OFDM signal and hence its transmit power is spread over a large bandwidth, therefore, we expect OFDM radars to cause interference. In this paper, these interference effects are investigated.
The paper is organized as follows. In Section II the signal models for the chirp sequence and OFDM radar are introduced and the interference signal and the power level in the chirp sequence receiver are derived. In Section III, the simulations are detailed and results are presented and evaluated.
II. SIGNAL MODELS AND RECEIVE POWER
To evaluate and investigate the influence of an interfering OFDM signal on a chirp sequence radar, mathematical models of both radar signals are required. The transmit and receive signals are described in the following.
A. Chirp Sequence Radar
The chirp sequence radar is modeled similarly to [10] . It transmits linear frequency ramps of the form
with the carrier frequency f c , chirp duration T c , chirp bandwidth B, and an arbitrary phase ϕ 0 . The received signal reflected from a point target is the above signal time-shifted by the time of flight ∆t:
At the receiver, the signal is down converted to the baseband by mixing with (1) and subsequently lowpass filtered. For a series of L transmitted frequency ramps (chirps), the following baseband signal is obtained for chirp l = 0, . . . , L − 1 and a target at distance R:
The time between two chirps is T r , c the speed of light, and f D describes the Doppler shift caused by the target's velocity. A steep ramp slope B/T c is chosen, so that f D is much smaller than (2 B R)/(c T c ). After applying a window function, the distance to the target is extracted by a Fourier transform along the time t ∈ [0, T c ]. The Doppler frequency is extracted by a Fourier transform along the chirp number l. These operations lead to a two-dimensional range-Doppler spectrum. Each target in the radar channel is represented by a peak in this spectrum.
B. OFDM Model
The OFDM signal is the interfering signal and will be denoted by the index I. An OFDM signal is composed of multiple sequences of modulated transmit symbols of duration T I . The sequences are transmitted simultaneously on N equidistant orthogonal carrier frequencies f n , n = 0, . . . , N −1, as shown in Fig. 1 . Orthogonal subcarriers are obtained by applying a carrier spacing of ∆f I = 1/T I , so the baseband carrier frequencies are f n = n/T I . A single OFDM symbol is the summation of N parallel symbols of the orthogonal subcarriers
An OFDM block consists of M subsequent OFDM symbols.
The complex OFDM signal model with carrier frequency f c yields
III. INTERFERENCE BY OFDM RADARS
In this section, the interference signal and power level at the receiver that influence the result of the radar evaluation are derived. The interfering power at the chirp sequence radar receiver can be illustrated graphically in a frequency versus time diagram of both signals as shown in Fig. 2 . At every point in time, the OFDM transmit power is spread over the bandwidth B I that is much larger than the receiver bandwidth B Rx of the chirp sequence radar. It is assumed that the interference level is proportional to the intersection area (gray) given by 2 B Rx T c .
The interfering OFDM signal transmitted at distance R I and received at the chirp sequence radar is (5) delayed by ∆t I = R I /c. The complex representation of the interfering signal yields with the signal amplitude A. The interfering signal (6) is mixed with the chirp signal (1) . Since the interference is additive, the disturbed baseband signal yields
The signal is filtered by a lowpass filter with bandwidth B Rx and evaluated by a two-dimensional Fourier transform.
To evaluate the effect of the OFDM interference signal, the expected power levels in the resulting range-Doppler spectrum are derived in the following.
A. Noise Power Level
The noise power in a receiver with noise figure F and receiver bandwidth B Rx is
with the Boltzmann constant k and temperature T = 300 K.
B. Target Reflection Power
The power received from a target at distance R is described by the radar equation:
The distance R and the RCS σ are target dependent values. P Tx , G Tx , and G Rx are the radar transmit power, and transmit and receive antenna gains, respectively. The exponent 3.5 is used instead of 4 since it yields better results in automotive scenarios according to our experience from many measurements. In the range-Doppler spectrum, the target power level is increased by the integration gain G integ = L N Samples , with N Samples the number of samples in a single frequency ramp, and L the number of ramps.
C. Interference Power Level
The interference power of the OFDM interferer is derived based on the assumption that an OFDM signal is composed of
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multiple CW signals. The power level of an interfering CW or FMCW radar at a distance of R I is described using [1] by
P Tx,I and G Tx,I are the transmit power and transmit antenna gain of the interfering radar, and G Rx is the antenna gain of the interfered radar in (9) . Using equation (17) of [4] , the maximum power of an interfering CW radar in the rangeDoppler spectrum yields
The factor 1/µ describes the number of samples affected by interference, given by the interference duration T I (cf. [3] ) and the sampling rate f s . N FFT is the number of evaluated Fourier coefficients. The equation shows that the interference power increases linearly with the number of samples affected by interference. The interfering OFDM signal can be seen as an accumulation of N I CW signals with different frequencies. Because of the multiple OFDM modulation symbols, those interference contributions are added up non-coherently in the rangeDoppler spectrum. If N I ≤ N of the subcarriers are located within the bandwidth B occupied by the chirp sequence radar, the overall interference power increases proportional to N I :
Note that the change in wavelength between the different OFDM subcarriers is neglected here.
IV. SIMULATION AND RESULTS
A simple traffic scenario with two vehicles is assumed for the simulation and evaluation. One vehicle is equipped with the chirp sequence radar, the second vehicle with the interfering OFDM radar. To analyze the effect of different signal parameters on the interference, different radar configurations are used for the simulation.
An overview of the assumed radar parameters of the chirp sequence and the OFDM radar are shown in Table I . For the chirp radar transmitter a transmit antenna gain of 24 dBi and a transmit output power of 3 dBm is assumed. For the receiver, an antenna gain of 14 dBi, a receive bandwidth of B Rx = For the target vehicle, that is also the interferer, an RCS of σ = 10 m 2 , a distance of R = R I = 10 m and a relative velocity of v = 10 m/s is assumed. According to (9) , this leads to P Rx = −65 dBm. Another 6 dB loss for both the mixing process in the simulation and the use of a cosine chirp signal instead of a complex signal must be taken into account. With an integration gain of the Fourier transforms (including a Hann-window) of 35 dB, a power level of
is achieved. The dotted line in Fig. 4 is the resulting spectrum in range direction in case of no interference. It can be seen that the assumed values for the target peak and noise floor are reflected in the simulations. The OFDM radar is simulated with a transmit antenna gain of 25 dBi and a transmit power of 0 dBm (see Table I ). This results in an interference power level (10) of P Rx,CW = −51 dBm. Including a loss of 6 dB in the mixing process, the interference level in the range-Doppler spectrum is −95 dBm and −100 dBm according to (11) for a chirp bandwidth of 400 MHz and 2 GHz, respectively.
In simulations, the influence of carrier density, bandwidth and modulation order of the OFDM interferer were analyzed. First, a fixed OFDM bandwidth of B I = 1.16 GHz and N = 4, 8, 16, . . . , 4096 equidistant subcarriers were simulated. A doubling of the number of subcarriers halves the subcarrier spacing. It is expected that for both chirp sequence configurations the doubling of the number of carriers equals an increase of 3 dB of the interference floor. Fig. 3 shows the mean interference level for different number of subcarriers verifying this assumption.
In Fig. 4 the cut through the radar spectrum at v = 10 m/s is plotted for the 400 MHz and 2 GHz chirp radar. The curves for no interference, 128 subcarriers, and 4096 subcarriers are plotted. For 4096 carrier, the resulting SNR is only about 15 dB. In this case, targets with a low RCS or with a larger distance to the radar are very likely covered by the interference and may not be detected.
We further investigated the influence of different OFDM bandwidths with a fixed carrier spacing of ∆f = 1.14 MHz. This is done by stepwise increasing the number of equidistant OFDM subcarriers. In Table II , the number of OFDM subcarriers, the corresponding OFDM bandwidths B I , and the resulting interference-induced mean noise floors of the simulations are listed. The points at which the OFDM bandwidth exceeds the chirp bandwidth where no further increase of the noise level is expectable and observable are highlighted in bold. The limit noise level for both chirp configurations is the same. This can be explained by Fig. 2 . The mean interference power in the range-Doppler spectrum depends on the subcarrier density and the value of the gray area which equals 2 B Rx T c . For both chirp sequence configurations all these parameters are the same. In the table, it can also be observed that if the interference bandwidth doubles, there is no linear increase of 3 dB in the noise floor. This is because the window function applied in signal processing takes a different influence on the power of each interfering subcarrier, depending on the carrier's frequency. This is a similar effect as it was reported for CW radar interference in [4] . For the modulation order analysis, PSK modulations of k = 2, 4, 8, 16 are analyzed. No significant differences or trends can be identified by the simulations.
V. CONCLUSION
In this paper, the interference effects of a wideband automotive OFDM radar on a chirp sequence radar are investigated. The expected noise and interference power levels are derived. The influence of OFDM subcarrier spacing, bandwidth, and modulation order are analyzed by simulations. The modulation order for PSK has no influence on the interference level. An increase of OFDM subcarriers within the chirp sequence bandwidth increases the mean noise floor significantly, so that small targets may be covered by the increased noise floor. An increase of the chirp bandwidth has no effect on the interference level as long as the chirp bandwidth does not exceed the OFDM bandwidth.
